We demonstrated a high-sensitivity strain sensor based on an in-fiber Fabry-Perot interferometer (FPI) with an air cavity, which was created by splicing together two sections of standard single-mode fibers. The sensitivity of this strain sensor was enhanced to 6.0 pm∕με by improving the cavity length of the FPI by means of repeating arc discharges for reshaping the air cavity. Moreover, such a strain sensor has a very low temperature sensitivity of 1.1 pm∕°C, which reduces the cross sensitivity between tensile strain and temperature. 14, 15] . Unfortunately, it is difficult or impossible to create directly an air cavity in the fiber, so that complicated pretreatments have to been done to achieve in-fiber air-cavity-based FPIs. For example, air cavities were achieved during splicing two cleaved fiber ends by use of femtosecond laser micromaching [5, 6, 16] and chemical etching [11, 13] to create a microhole on the fiber end in advance. In addition, in-fiber FPIs with an air cavity were demonstrated by employing special optical-fiber structures, such as hollow-core photonic crystal fibers (PCFs) [4, 7] , solid-core PCFs [8, 10] , and silica capillaries [14] . However, all these techniques above require complicated pretreatments, expensive PCFs, and/or other special optical fibers.
Fiber-optic Fabry-Perot interferometers (FPIs) have proved to be useful in the measurements of various physical, chemical, and biological parameters because of the advantage of simple structure, high sensitivity, and compact size [1, 2] . Since air cavities created in the fiber have a small thermal expansion coefficient, in-fiber air-cavity-based FPIs have been used to develop temperature-insensitive sensors for measuring refractive index (RI) [3] [4] [5] , tensile strain [6] [7] [8] [9] [10] [11] [12] [13] , and pressure [14, 15] . Unfortunately, it is difficult or impossible to create directly an air cavity in the fiber, so that complicated pretreatments have to been done to achieve in-fiber air-cavity-based FPIs. For example, air cavities were achieved during splicing two cleaved fiber ends by use of femtosecond laser micromaching [5, 6, 16] and chemical etching [11, 13] to create a microhole on the fiber end in advance. In addition, in-fiber FPIs with an air cavity were demonstrated by employing special optical-fiber structures, such as hollow-core photonic crystal fibers (PCFs) [4, 7] , solid-core PCFs [8, 10] , and silica capillaries [14] . However, all these techniques above require complicated pretreatments, expensive PCFs, and/or other special optical fibers.
In this Letter, we demonstrated a promising technique to create an air-cavity-based FPI by means of splicing together two sections of standard single-mode fibers (SMFs), accompanying easy pretreatment on the fiber ends. Such an FPI could be used to develop a highsensitivity strain sensor with a low cross sensitivity between temperature and tensile stain. And the sensitivity of the strain sensor can be enhanced to 6.0 pm∕με by means of reshaping an air cavity created in the fiber. Figure 1 illustrates the fabrication process of an in-fiber air-cavity-based FPI. First of all, an end of a standard SMF (Corning SMF-28) was immersed into a commercial RI matching liquid (Cargille Labs, http:// www.cargille.com) to coat a liquid film on the end surface. Such two sections of SMFs with liquid-coated ends were placed in the left and right fiber holders, respectively, of a commercial fusion splicer (Fujikura FSM-60S), as shown in Fig. 1(I) . Before being immersed into the liquid, the fiber end was reshaped into hemispherical and smooth ends by means of electrical arc discharge in order to enlarge the surface of the fiber ends and to coat much liquid on the fiber ends. Second, the left and right fiber ends were moved toward each other until an overlap of 2d was achieved at the touching region of the two fiber ends via the left and right motors of the fusion splicer, as shown in Fig. 1(II) , where d l and d r show the moved distance of the left and right fiber ends, respectively, before the two fiber ends are touched with each other, and d shows the moved distance of each fiber end after the two fiber ends touch each other. Third, arc discharge was done with default parameters for splicing a standard SMF in the fusion splicer. Consequently, two fiber ends were spliced with each other, and an air bubble was created in the spliced joint, as shown in Figs. 1(III) and 2(a), resulting from the evaporation of the liquid coated on the fiber end facet and quick vaporization and freeze of silica material during arc discharge. Note that (1) the manual operation mode of the fusion splicer (FSM-60S) was used to fabricate the in-fiber air cavity samples; (2) three types of discharge parameters, i.e., ARC1, ARC2, and REARC, are available in the operation menu of the splicer; (3) only the discharge parameter of ARC1 was employed during our pretreating of the fiber ends, fabricating air cavity samples, and reshaping the air cavities. Such an in-fiber air bubble/cavity could be used to develop a promising fiber-optic FPI. As shown in Fig. 2 , an interference pattern was observed in the reflection spectrum of the air-cavity-based FPI by use of a 3 dB coupler, a broadband light source (ASE-LIGHGSOURCE), and an optical spectrum analyzer (OSA, YOKOGAWA AQ6370C).
Our experiments show that the diameter of the created air bubble depends strongly on the overlap of 2d and the viscosity of the coated liquid. Providing other fabrication parameters are not changed; the more overlap of 2d is applied to the spliced joint, a larger air bubble can be achieved. Compared with complicated pretreatments, e.g., femtosecond laser micromaching for creating a microhole on the fiber end [5, 6] , we demonstrated an easy pretreatment, e.g., coating a liquid film on the fiber end, to create an air bubble in the spliced joint. The intensity of the interference fringe in the reflection spectrum can be given by
where I 1 and I 2 are the intensities of light reflected at the two cavity interfaces, respectively, and γ is the phase different shift between the two reflected lights. Free spectral range of the interference fringes of the aircavity-based FPI can be given by
where λ is the wavelength of light, n is the RI of the medium, i.e., air, trapped inside the bubble, and L B is the cavity length of the air bubble created in the spliced joint.
The in-fiber air bubble illustrated in Fig. 2 can be reshaped to enhance the extinction ratio of the interference fringe and change the FSR by means of repeating arc discharges, as discussed below. As shown in Fig. 1(IV) , the left and right fiber holders were moved again toward each other by a distance of d 0 in order to apply an axial pressure to the spliced joint, and then arc discharge was done again. Consequently, the spherical air bubble was reshaped into an elliptical one with a shorter cavity length along the fiber axis. Repeating the process above, we achieved a series of elliptical air bubbles with different cavity lengths of 79, 70, 58, 54, and 46 μm by means of applying different overlap of 2d 0 during repeated arc discharges, as shown in Figs. 2(a)-2(e) . The corresponding reflection spectra of the air-cavity-based FPIs are illustrated in Figs. 2(f)-2(j) , respectively, in which the FSR of the interference fringes is 14.9, 16.8, 20.8, 22.8, and 26.4 nm, respectively, and the extinction ratio is 4.9, 11.1, 19.2, 20.3, and 13.5 dB, respectively. It can be found from Fig. 2 that, with the decrease of the cavity length from 79 to 46 μm, the FSR around 1530 nm is increased from 14.9 to 26.4 nm, and the extinction ratio is enhanced from 4.9 to 20.3 dB and is reduced to 13.5 dB. This is due to the fact that the reshape of the air bubble changes the intensity of light reflected on the air cavity wall. We measured the insertion loss of the air bubble with a cavity length of 79, 70, 58, 54, and 46 μm by means of testing its transmission spectra within the wavelength range from 1450 to 1600 nm. As shown in Fig. 3 , the insertion loss reduces with the decrease of the cavity length, and the air bubble with a cavity length of 46 μm has an insertion loss of about 6.5 dB at the wavelength of 1550 nm. According to Eq. (2), we also calculated the FSR around 1530 nm. As shown in Fig. 4 , the measured cavity lengths of the air bubble agree well with the calculated results.
We investigated the responses of the air-cavity-based FPI samples with different cavity lengths to the applied tensile strain. First, one end of the air-cavity-based FPI with a cavity length of 79 μm, as illustrated in Fig. 2(a) , was fixed, and another end was attached to a translation stage with a resolution of 10 μm. The total length of the stretched fiber, including the SMF and the air bubble, was 400 mm. The wavelength shift of the interference fringe around 1545 nm was measured while the tensile strain was increased from 0 to 1050 με with a step of 50 με. Second, the air bubble with a cavity length of 79 μm was reshaped to shorten its cavity length to 70 μm by use of the arc discharge technique illustrated in Figs. 1(IV) and 2(b) . And then the response of the aircavity-based FPI with a cavity length of 70 μm to the applied tensile strain was investigated. The experiment Fig. 2. (a), (b), (c), (d) , and (e) Microscope images of the created air bubble with a cavity length of 79, 70, 58, 54, and 46 μm, respectively; (f)-(j) the corresponding reflection spectra of the air-cavity-based FPI. FSR, free spectra range; ER, extinction ratio. Fig. 3 . Insertion loss of the air bubble with a cavity length of 79, 70, 58, 54, and 46 μm. process above was repeated until the response of the aircavity-based FPI samples with a cavity length of 58, 54, and 46 μm, as illustrated in Figs. 2(c)-2(e), to the applied tensile strain was investigated. As shown in Figs. 5(a) and 5(b), the dip wavelength of the interference fringe of each air-cavity-based FPI sample shifts linearly toward a longer wavelength with the increased tensile strain. And the shorter cavity length the FPI sample has, a higher strain sensitivity the wavelength is. Hence the strain sensitivity of the air-cavity-based FPI sensor can be enhanced by means of reshaping the air bubble to shorten the cavity length via arc-discharge technique. For example, the strain sensitivity of the air-cavity-based FPI was enhanced from 2.9 to 6.0 pm∕με while the cavity length was shorten from 79 to 46 μm, as shown in Fig. 5(a) . Providing an optical spectrum analyzer (YOKOGAWA AQ6370C) with a resolution of 0.02 nm is employed, a strain resolution of 3.3 με can be achieved in the application of our proposed strain sensor based on Fabry-Perot interference.
We also investigated the temperature responses of the air-cavity-based FPI sample with a cavity length of 46 μm. The FPI sample was placed in a tube furnace to raise its temperature from 100°C to 600°C with a step of 50°C. As shown in Fig. 6 , the dip wavelength in the reflection spectrum the FPI sample was shifted toward a longer wavelength with a low temperature sensitivity of only 1.1 pm∕°C. In other words, the interference fringe is insensitive to temperature [17] . According to the strain and temperature sensitivity of the interference fringe, in case no temperature compensation is done, the temperature-induced strain measurement error is less than 0.2 με∕°C. Therefore, the FPI-based strain sensor effectively reduces the cross sensitivity between strain and temperature.
In summary, we demonstrated a versatile technique for fabricating a micro air bubble in the fiber. The air bubble can be reshaped to change its cavity length by arcdischarge technique. Such an in-fiber air bubble can be used to develop a high-sensitivity strain sensor based on Fabry-Perot interference. The sensitivity of this strain sensor was enhanced to 6.0 pm∕με by improving the cavity length of the FPI. Moreover, such a strain sensor reduces the cross sensitivity between tensile strain and temperature. 
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